Chromatin modifiers and remodelers are involved in generating dynamic changes at the chromatin, which allow differential and specific readouts of the genome. While genetic evidence indicates that several chromatin factors play a key role in controlling basic developmental programs for inflorescence and flower morphogenesis, it remained unknown until recently how they exert their specificity toward gene expression, both temporally and spatially. An emerging topic is the recruitment or eviction of chromatin factors through the activity of sequence-specific DNA-binding domains, present in the chromatin factors themselves or in partnering transcription factors. Here we summarize recent progress that has been made in this regard in the model plant Arabidopsis thaliana. We further outline the different possible modes through which chromatin complexes specifically target genes involved in flower development.
Introduction
Flowering and flower morphogenesis are directed by intricate gene regulatory networks of transcription factors and chromatin factors, which integrate information from external, hormonal, and endogenous signals (for a recent review on these networks, see Wils and Kaufmann, 2017) . The floral phenotypes of plants from different species affected in genes encoding chromatin factors indicate that chromatin regulation is an obligatory path for proper flower development and that this mechanism is highly conserved throughout land plants (Gan et al., 2013) . The basic unit of chromatin is the nucleosome, which is composed of 147 bp of DNA wrapped around an octamer of histones, containing two copies of each of the histones H2A, H2B, H3, and H4. DNA accessibility within chromatin conditions the transcriptional activity of a locus and depends on regulators such as chromatin remodelers that can change nucleosome position and composition, and on chromatin modifiers that can affect certain histone residues via post-translational modifications.
Chromatin modifiers of the Polycomb group (PcG) form distinct repressor complexes that modify residues of histone H2A or H3 (for a detailed description of the composition of PcG complexes and their functions, see the review by Mozgova and Hennig, 2015) . The Polycomb repressive complex 1 (PRC1) attaches a ubiquitin to Lys119 of histone H2A (denoted: H2AK119Ub), while PRC2 catalyzes the trimethylation of Lys27 of histone H3 (denoted: H3K27me3). Both marks are ultimately required for gene repression, and intimate connections between both PRCs lead to chromatin compaction and epigenetic repression of target genes (Förderer et al., 2016) .
In Arabidopsis, phenotypes of loss-of-function mutants for PcG-encoding genes clearly illustrate that correct plant and flower patterning relies on temporal-and spatial-specific release of repression of floral morphogenetic genes. Mutants affected in genes coding for PRC1 components, such as TERMINAL FLOWER 2/LIKE HETEROCHROMATIN PROTEIN 1 (TFL2/LHP1) and EMBRYONIC FLOWER 1 (EMF1), or in genes encoding PRC2 subunits, such as EMBRYONIC FLOWER 2 (EMF2) and CURLY LEAF (CLF), display premature cell differentiation into various floral cell types. This leads to the production of a terminal flower from the shoot apex, or to the production of mosaic leaf tissues and inflorescences made of aberrant or transformed floral organs ( Fig. 1A-F) (Goodrich et al., 1997; Larsson et al., 1998; Yoshida et al., 2001; Takada and Goto, 2003; Chanvivattana et al., 2004; Calonje et al., 2008) . These organ identity defects (also called homeotic defects, e.g. sepals acquiring carpel-like identity) are due to the loss of H2AK119Ub or H3K27me3 repressive marks at flower regulatory genes, which are normally expressed in a tissue-and/or stage-specific manner, thereby causing their mis-expression. Phenotypes of mutants affected in PcG components from rice, Medicago truncatula, and tomato indicate that PcG functions in the regulation of flower morphogenesis are conserved across diverse species (How Kit et al., 2010; Conrad et al., 2014; Li et al., 2014; Liu et al., 2014; Boureau et al., 2016; Jaudal et al., 2016) .
Similarly, Arabidopsis plants mutant for the chromatin remodelers SPLAYED (SYD) and BRAHMA (BRM) display aberrant flower development (Bezhani et al., 2007; Wagner and Meyerowitz, 2002) (Fig. 1G, H) . SYD and BRM are among the best-characterized members of the SWI2/SNF2 ATPase family in plants. These factors use the energy derived from ATP hydrolysis to alter DNA-histone octamer interactions, thus causing ejection, partial disassembly, or sliding of (left, brm-106; right, brm-101) harboring supernumerary and misshapen organs, respectively.
histone octamers in regulatory regions of the DNA (Clapier and Cairns, 2009) .
How are chromatin remodelers and modifiers recruited to specific sets of target genes, and how are the activities of these proteins regulated once they are bound to a target? Recent studies support the idea of conserved mechanisms for chromatin modifiers and remodelers to attain target specificity, in particular via direct interactions with transcription factors. We discuss these mechanisms in this review, with a special focus on the flower morphogenesis field, which has been greatly impacted by several large-scale and genome-wide studies.
Transcription factors drive chromatin factors to specific flower developmental genes
Floral stem cells offer an ideal model to study the temporal control of developmental gene activity because they give rise to a defined number of specific organ types before ceasing their activity (Carles and Fletcher, 2003) . First insights into the targeting mechanism of chromatin factors came from single-gene studies that showed physical interactions between transcription factors and PcG components to be required for the regulation of flower development. For example, it was shown that the MADS domain-containing transcription factor, SHORT VEGETATIVE PHASE (SVP), directly interacts with the PRC1 component TFL2/LHP1 and promotes its recruitment to the SEPALLATA3 (SEP3) gene to prevent premature differentiation of floral stem cells, thus determining the appropriate timing of floral organ patterning (Liu et al., 2009) . A further study found that another MADS-domain transcription factor, AGAMOUS (AG), which is essential for the formation of reproductive floral organs and flower determinacy, promotes the recruitment of TFL2/LHP1 to the stem cell maintenance gene WUSCHEL (WUS) in flower meristems (Liu et al., 2011) . This activity induces repression of WUS and consequently the arrest of stem cell activity in stage 6 flowers. AG has long been thought to repress WUS indirectly (Lenhard et al., 2001 ), but Liu et al. (2011) showed that AG also directly terminates WUS expression, probably via recruitment of PRC1 or PRC2 to the locus, because AG directly affects the deposition of H3K27me3 marks at WUS. However, no direct interaction between AG and PcG components could be identified thus far. Both studies (Liu et al., 2009; Liu et al., 2011) thus uncovered molecular mechanisms inducing temporally precise repression by chromatin factors of key developmental genes involved in flower morphogenesis.
Another study suggesting recruitment of chromatin factors by transcription factors is that of the chromatin remodelers BRM and SYD that interact with the master regulator of flower development LEAFY (LFY) and SEP3, this time for gene activation (Wu et al., 2012) . Using ChIP followed by PCR, the authors found that SYD and the transcription factor LFY together associate with the floral homeotic genes APETALA3 (AP3) and AG, and that SYD binding to these loci is compromised in lfy and lfy sep3 loss-of-function mutants. Moreover, a direct interaction between LFY and BRM or SYD was identified in vitro and in vivo. This work revealed a potential mechanism for SWI/SNF ATPase recruitment to specific flower developmental genes at the right stage and in the correct cells.
An interactome analysis of the floral homeotic MADSdomain proteins identified several chromatin modifiers and remodelers (Smaczniak et al., 2012) , suggesting that recruitment and interaction between transcription factors and chromatin factors may be widespread. The flower quartet model for organ specification stipulates that tetramers of MADS-domain proteins called floral quartet-like complexes (FQCs) control the gene expression programs for the formation of the different types of organs in the flower (Theißen et al., 2016) . However, whether these FQCs connect directly to the chromatin factor machineries remained largely unknown. Smaczniak et al. (2012) thus aimed to analyze in planta interactions for several components of the FQCs by expressing APETALA1 (AP1), AG, AP3, and SEP3 as green fluorescent protein (GFP) fusions from their native promoters. Protein complexes were isolated by immunoprecipitation using anti-GFP antibodies and characterized by LC followed by MS. Several classes of chromatin remodelers, as well as the chromatin modifier RELATIVE OF EARLY FLOWERING 6 (REF6), were consistently found to be enriched in the data sets from all MADS-domain proteins tested. REF6 is an H3K27me2/3 demethylase (Lu et al., 2011) , whose loss of function causes defects in flowering time and flower development. Analysis of H3K27me3 dynamics at the SEP3 locus showed a marked reduction in the level of this mark upon induction of the gene by the AP1 transcription factor. Because the H3K27me3 demethylase REF6 was found to interact physically with AP1 (Smaczniak et al., 2012) , and because SEP3 is also a target of REF6 (Lu et al., 2011) , it is tempting to speculate that AP1 can recruit REF6 to SEP3.
While most studies reported above focused on a single transcription factor, an integrative study of the regulation of the floral pathway integrator gene SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) shows how several DNA-binding proteins can synergistically control the histone methylation status of a target gene to regulate the critical transition from vegetative to reproductive development. In Arabidopsis, the photoperiod and gibberellic acid (GA) pathways regulate the expression of SOC1, which is involved in activating floral meristem formation, under longday conditions. Hou et al. (2014) have uncovered a complex of three different DNA-binding proteins that allow these pathways to converge at the SOC1 promoter: they are the trimeric nuclear factor Ys (NF-Ys); CONSTANS (CO), mediating photoperiod-dependent flowering; and REPRESSOR OF ga1-3 (RGA), an integral component of the GA response pathway. The authors showed that REF6 also participates in the CO-NF-Y-RGA complex and that, in nf-y mutants, the deposition of H3K27me3 marks is affected at the SOC1 promoter, indicating that the interaction between REF6 and NF-Ys directly regulates SOC1 expression downstream of CO and GA signaling.
Among the ATPase chromatin-remodeling enzymes identified to be associated with floral MADS-domain complexes were the SWI/SNF-type BRM and SYD, the ISWI-type CHROMATIN REMODELING 4 (CHR4), CHR11, and CHR17, and the CHD-type remodeler PICKLE (PKL) (Smaczniak et al., 2012) . Loss-of-function mutants for the corresponding genes indicate that all these remodelers play roles in floral morphogenesis, including organ identity and sizes (Eshed et al., 1999; Wagner and Meyerowitz, 2002; Hurtado et al., 2006; Bezhani et al., 2007; Aichinger et al., 2009; Smaczniak et al., 2012) , thereby supporting the idea of an interplay between chromatin factors and the tetrameric MADS-domain complexes in flower development. These chromatin remodelers as well as REF6 are broadly expressed throughout floral meristems, suggesting that they achieve their functional specificity through their physical interaction with MADS-domain transcription factors that have more spatially restricted expression patterns.
These discoveries raised the question of whether transcription factors can access regions of closed chromatin, to which the work of Pajoro et al. (2014) has brought some insights. By combining data sets from genome-wide localization studies, DNase I hypersensitivity assays, and gene expression profiling experiments, they showed that AP1 and SEP3 can bind to target genes before the chromatin of these loci becomes more accessible. This delay in chromatin accessibility changes relative to AP1/SEP3 binding suggests that the MADS domain transcription factors may act as pioneer factors (Zaret and Carroll, 2011 ) that directly or indirectly trigger changes in chromatin states during flower development. Modulation of chromatin accessibility in a stage-or organ-specific manner is probably achieved via the ability of the MADS-domain-containing proteins to form higher order complexes with different affinities for specific promoter sequences.
Similarly, oligomerization through its SAM domain is necessary for LFY to access closed chromatin regions (Sayou et al., 2016) . While LFY requires oligomerization for binding to genomic regions that carry multiple low-affinity binding sites or sites embedded in closed chromatin, LFY binding to high-affinity sites is less dependent on the SAM domain. It is tempting to propose that LFY interaction with closed chromatin could influence the recruitment of chromatin remodelers such as SYD and BRM, which physically interact with LFY (Wu et al., 2012) , leading to opening of such closed regions. Although no physical interaction between LFY and PcG proteins has been described to date, the animal-specific PRC1 component, Polyhomeotic-like protein 2 (Phc2), also displays a SAM domain involved in retaining PRC1 at PcG targets and in stabilizing repression by PRC2 (Isono et al., 2013) .
The KNOTTED1-like homeobox (KNOX) genes BREVIPEDICELLUS (BP, also named KNAT1) and KNAT2 are repressed in vegetative tissues via a PcG mechanism involving both PRC1 and PRC2 complexes (Lodha et al., 2013) . Indeed, the TFL2/LHP1 protein localizes to the promoter and coding sequence of both KNOX genes and, in a clf mutant background, H3K27me3 abundance is reduced at the transcriptional start sites of BP and KNAT2. Lodha et al. (2013) found that ASYMMETRIC LEAVES1 (AS1) and AS2, two transcription factors known to regulate BP and KNAT2, physically recruit PRC2 members such as CLF and FERTILISATION INDEPENDENT ENDOSPERM (FIE) to KNOX loci. The PRC2 recruitment mechanism at KNOX genes resembles the Polycomb response element (PRE)-based recruitment of PRC2, as originally defined in flies (Schuettengruber and Cavalli, 2009) , in which it can mediate the maintenance of silent chromatin states throughout development.
Finally, the ULTRAPETALA1 (ULT1) chromatin factor, an antagonist of PRC2 (Carles and Fletcher, 2009 ) that regulates several aspects of reproductive development such as floral transition and flower morphogenesis (Carles et al., 2004 (Carles et al., , 2005 , activates AG in the center of the floral meristem independently from the sequence-specific DNA-binding factor LFY (Engelhorn et al., 2014) . However, ULT1 physically interacts with the Myb-domain transcription factor UIF1 (ULT1 INTERACTNG FACTOR 1) which probably brings it specifically to target genes such as WUS, AG, and the CUP-SHAPED COTYLEDON (CUC) genes, all involved in flower morphogenesis and organ boundaries (Moreau et al., 2016) . Altogether, the studies described above uncovered a transcription factor-dependent mechanism for temporally or spatially precise repression of key developmental genes involved in flower induction and patterning.
Cases of physical competition for release of chromatin modifier activity
While, as mentioned above, AG can directly repress the expression of WUS, there is at least one additional pathway through which AG causes WUS repression. This pathway involves activation of the KNUCKLES (KNU) transcription factorcoding gene, which in turn represses WUS (Sun et al., 2009) . Interestingly, although AG starts being expressed at around stage 3 of flower development, the AG protein activates KNU at approximately stage 6 only. Hence, Sun et al. further aimed at understanding the molecular mechanism through which AG causes a 2 d delay in KNU activation at the center of the floral meristem. Using a combination of molecular genetics and cell biology approaches, they found that AG induces de-repression of KNU in a function antagonistic to the PRC2 complex, causing its eviction from the locus, and thus a progressive decay in its H3K27me3 marking in a cell division-dependent manner (Sun et al., 2014) . Thus, AG can recruit or evict the PRC2 complex to repress or activate, respectively, gene expression. The mechanism through which AG switches from one operating mode to another with antagonistic activity remains to be investigated.
A study by Liang et al. (2015) reports that the transposaserelated ANTAGONIST OF LIKE HETEROCHROMATIN PROTEIN1 (ALP1) associates with CLF in vivo and probably hinders PRC2 association with EMF1, thereby antagonizing PcG-mediated gene repression. It is unknown whether ALP1 possesses any DNA binding specificity on its own or reaches target genes via interaction with Myb transcription factors, but it is rather tempting to propose that ALP1 may inhibit PRC2 activity under stress conditions by blocking its interaction with accessory stimulating proteins and/or with target genes.
A largely speculative but nevertheless attractive model for establishing repressive or permissive chromatin modifications has been proposed recently by Theißen et al. (2016) and is based on the idea that the physical competition between transcription factor multimers and nucleosome octamers could lead to the eviction of marked histones and possibly replacement by novel histones. Binding of the FQCs involves looping of the DNA, thus connecting two CArG-boxes bound by each dimer of the quartet (Mendes et al., 2013) . In their review, Theißen et al. (2016) propose a so-called nucleosome mimicry model in which FQCs show nucleosome-like properties that help to establish permissive or repressive chromatin modifications at CArG-box-containing promoters. According to this model, a nucleosome in inactive chromatin near to a transcription start site is substituted by an FQC. The FQC can then recruit histone-modifying factors such as acetylases and methylases, or be involved in substitution of a canonical nucleosome by a labile, non-canonical one, consequently leading to recruitment of the basal transcriptional machinery. Thus, this molecular mimicry might enable FQCs to evict nucleosomes from positions at which they are already quite labile, such as promoter regions with A-tracts (Henikoff, 2008) , and hence to act as pioneer transcription factors.
Genome-wide studies provided insights into transcription factor-chromatin factor interactions
The recent publication of several genome-wide studies of PcG-induced marks and binding of chromatin remodelers (PRC1, PRC2, and REF6 demethylase), together with previous genome-wide studies of transcription factor binding, provided insights into transcription factor-chromatin factor interactions, as well as novel, unexpected targeting modes for chromatin factors.
Specific gene targeting by REF6 was initially proposed to depend on interactions with different transcription factors (see above). Interestingly, two more recent studies involving genome-wide analysis of REF6 chromatin targets revealed that REF6 specifically binds to the CTCTGYTY DNA motif via its own zinc-finger (ZnF) domain (Cui et al., 2016) , and is able to recruit the BRM chromatin remodeler to genes carrying this motif . These studies are the first examples of direct sequence-specific targeting by a chromatin factor in plants and further connect editing of a histone mark with chromatin remodellng for active transcription. The ZnF domain of REF6 is important for rescuing the late flowering phenotypes of ref6 mutants, suggesting that target genes involved in floral transition may be directly contacted and specifically recognized by REF6 via their DNA regulatory elements (Cui et al., 2016; Li et al., 2016) .
Another genome-wide study correlates the effects of PRC1 and PRC2 components on chromatin marks with transcription factor binding . By performing genomewide analysis of the H3K27me3 mark in various mutant backgrounds for PRC1 (tfl2/lhp1, atring1a,b, and atbmi1a,b) and PRC2 (fie and clf), Wang and colleagues found that Arabidopsis flower and embryo developmental genes are repressed in seedlings by different combinations of PcG proteins. While expression of flower genes is repressed in seedlings preferentially via the activity of the catalytic subunit of PRC2, CLF, expression of embryonic genes is repressed by the PRC1 core subunits AtBMI1 and AtRING1 (which mediate ubiquitination of H2AK119). Remarkably, this context-dependent role of CLF is associated with differential co-occupancy of binding motifs of transcription factors, including MADS-domain-and ABArelated factors. This indicates that different combinations of PcG members distinctively regulate different developmental programs, and that their target specificity is modulated by specific transcription factors. This study provides a resource for further exploration of the relationship between cis-elements, transcription factors, and PcG, thus offering the opportunity to expand the repertoire of transcription factor-chromatin factor interactions for the regulation of chromatin dynamics at specific target sites.
Finally, the work of Xiao and colleagues, by exploiting several genome-wide published resources (for H3K27me3, EMF1, and FIE binding), as well as their own (for CLF binding), aimed at a global identification of cis and trans determinants for specific gene targeting by PRC2 (Xiao et al., 2017) . They identified a total of 1504 PRC2 target regions corresponding to 851 genes predicted to contain PREs. Out of these, they selected a short list of only 132 high-confidence PRC2-regulated genes (in which they identified 170 candidate PREs) to be further considered, based on their highly tissue-specific expression. Highthroughput binding assays against an Arabidopsis transcription factor library identified transcription factors of the C2H2 ZnF family, APETALA2 (AP2)-like family, and the BASIC PENTACYSTEINE (BPC) family. Interactions between transcription factor members of these families and PRC2 components were detected in yeast two-hybrid and bimolecular fluorescence complementation experiments. Moreover, using a computational pipeline for motif analysis, Xiao et al. (2017) identified six DNA sequence motifs enriched in the 170 candidate PREs ( Fig. 2; Table 1 ). Interestingly, while this study reports the first genome-wide survey of PREs in Arabidopsis, many of these motif families were previously identified and reported to correlate with PcG occupancy at target genes (Deng et al., 2013; Hecker et al., 2015; Molitor et al., 2016; Wang et al., 2016; Zhou et al., 2016) , among them BPC targets for the GA repeats and ZnF targets for the telobox motifs. A significant overlap in genome-wide binding patterns of FIE and transcription factors of the BPC and ZnF families could support the recruitment of PRC2 by such transcription factors. A functional validation was further performed for these two motifs by tethering transcription factors from the BPC and ZnF families to a synthetic construct and assessing PRC2 enrichment via ChIP-PCR on FIE. This allowed the authors to propose a model for recruitment of PRC2 to target genes via interactions with BPC and ZnF transcription factors, with the need for additional trans-factors and cis-elements to reinforce the specificity toward developmental stage, tissue type, or developmental condition. In order to evaluate what proportion of the 132 high-confidence PcG-regulated genes are involved in reproductive processes (inflorescence development, flower morphogenesis, and silique/seed development), we examined their expression patterns throughout development using data from Schmid et al. (2005) . We found that 105 of the 132 genes show peak expression during the reproductive phase ( Fig. 2A ; Table 1 ). This high proportion of reproduction-related genes among high-confidence PcG targets is in line with the selection pipeline employed by Xiao et al. (2017) that favors genes with higher expression in non-vegetative tissues. Notably, we found several PcG targets whose expression peaks in specific floral organs or in the developing seed, and increases towards Xiao et al., 2017) , throughout different developmental stages and tissues. Expression values are gcRMA normalized values published in the developmental series of the AtGenExpress resource (Schmid et al., 2005) . In each tissue type, developmental stages are ordered from left (earliest stage) to right (latest stage). Mature pollen tissue was excluded from this analysis because of the high overall expression of genes in pollen, due to de-repression. Each row represents one gene; black squares indicate the tissue of maximal expression for the corresponding gene. The black vertical line indicates the transition to flowering. Genes with maximum expression in tissues on the right side of this line were considered as predominantly flower/seedling expressed genes in (B) (105 genes). (B) Mean expression of the 105 high-confidence PcG target genes (of which 101 carry PREs), predominantly expressed in inflorescence/flower/silique/seed. Mean expression levels are depicted by a color code, in developmental stages from flowering transition to seed maturation. White numbers indicate the number of genes that peak in expression in the respective tissue. Expression data were taken from Schmid et al. (2005) . Shapes of tissues were obtained from the ePlant tool (Waese et al., 2017) . Black numbers indicate the number of all H3K27me3-marked genes that peak in expression in the respective tissue (data from Luo et al., 2013) . -s9  At3g24650  ABI3/SIS10  2  6  0  0  3  1  3  2  Se-s10  At3g26010  1  0  0  0  0  2  1  0  F-s12 st  At3g26790  FUS3  2  1  0  1  0  6  3  1  Se-s7  At3g54340  AP3  2  2  0  0  2  5  1  2  F-s15 pe  At3g62170  VGDH2  2  1  1  1  1  0  0  1  F-s12 st  At3g62230  DAF1  2  2  0  0  0  0  1  0  F-s15 st later stages, reflecting a progressive de-repression (Fig. 2B ). Almost all of these genes (101 out of 105) contained one or more PREs and comprise important master regulators for flower development such as AG, SEPALLATA2 (SEP2), SEP3, and PISTILLATA (PI) ( Table 1) . It remains to be seen if PREs will also be discovered among other PcG target genes or if spatial and temporal regulation of these genes is rather achieved through other, PRE-independent mechanisms. Indeed, as reported before (Zhang et al., 2007) , many other PcG target genes show tissue-and stage-specific expression patterns, including reproductive development. In line with this, we found that out of 4397 H3K27me3 marked genes (Luo et al., 2013) , and for which expression data during development were available in the Arabidopsis gene expression atlas, 2781 peak in expression during reproductive development, especially during later stages of seed development and in stamens. Additionally, a AtMYB11/PFG2  1  1  1  0  1  1  2  1  Si+Se-s4  At4g00220  JLO/LBD30  1  3  1  0  0  3  3  1  Se-s6  At4g00870  2  2  0  1  2  3  2  1  F-s15 ca  At4g02670  AtIDD12  2  1  1  1  2  1  0  1  Si+Se-s3  At4g18350  AtNCED2  2  2  3  1  0  2  1  2  F-s15 st  At4g18960  AG  3  2  0  0  1  2  2 Genes were taken from the study by Xiao et al. (2017) . Numbers of total PREs are indicated, as well as numbers of PREs for each of the six categories reported in the study. The developmental stage at which expression of each gene peaks according the Arabidopsis gene expression atlas (Schmid et al., 2005) is also indicated. Abbreviations are as follows: AC, AC rich; GA, GA repeat; TB, telo box; TS, training set; PRE-R, PRE regions; SA, shoot apex; T, transition; I, inflorescence; F-s, flower stage; sep, sepals; pe, petals; st, stamens; ca, carpel; Se-s, seed stage (Se-s3, midglobular to early heart stage; Se-s4, early to late heart; Se-s5, heart to mid torpedo; Se-s6, mid to late torpedo; Se-s7, late torpedo to early walking stick; Se-s8, walking stick to early curled cotyledons; Se-s9, curled cotyledons to early green cotyledons; Se-s10, green cotyledons); Si, siliques. Table 1 . Continued large fraction of these genes were shown to be direct targets of the PcG components CLF, FIE, and EMF1 (Xiao et al., 2017) .
Conclusions and further questions
Flower development proves to be a very powerful system to investigate the various mechanisms through which developmental genes are regulated by interacting transcription factors and chromatin factors, through both case studies and genome-wide analyses (Fig. 3) . This is likely to be linked to the fact that flower developmental genes are over-represented in the populations of genes tightly regulated by chromatin and transcription factors. It reveals the importance and need for a very precise spatial and temporal control of the corresponding processes. Nevertheless, the regulatory mechanisms reported in this review may be more general and represented in developmental processes other than flower morphogenesis, as reflected by recent genome-wide studies (Cui et al., 2016; Li et al., 2016; Wang et al., 2016; Xiao et al., 2017 ). An illustration of this is the VIVIPAROUS1/ABI3-LIKE 1 (VAL1) protein that mediates PcG-induced histone modifications, including both H3K27me3 and H2Aub, to repress the expression of seed maturation genes in Arabidopsis seedlings (Yang et al., 2013; Veerappan et al., 2014) . Moreover, VAL1 and VAL2 control vernalization-mediated silencing at the FLOWERING LOCUS C (FLC) locus, leading to establishment of the H3K27me3 mark via direct association with the PRC1 TFL2/LHP1 protein. For this, VAL1 and VAL2 bind to a RY cold memory cis-element via their B3 domains and interact with LHP1 to facilitate the establishment of an H3K27me3 deposition peak at the nucleation region of FLC (the region where the H3K27me3 mark is initially deposited). VAL proteins may also recognize the repressive H3K27me3 mark via their PHD domains, thus forming a positive feedback loop for the spread of H3K27me3 to the entire locus, and maintaining epigenetic FLC silencing (Qüesta et al., 2016; Yuan et al., 2016) . This reveals a novel and/or PRC2 complexes by SVP to the SEP3 locus (Liu et al., 2009) or by AG to the WUS locus, the latter leading to the termination of stem cell activity in floral meristems, as proposed by Liu et al. (2011) . The question mark for AG indicates that its interaction with PCR2 in WUS regulation has not yet been demonstrated. (B) Recruitment of PRC2 to PREs by transcription factors such as BPC and ZnF (Xiao et al., 2017) . (C) Eviction of PRC2 from the KNU locus by AG in the center of the floral meristem (Sun et al., 2014) . (D) Recruitment of the SYD and BRM SWI-SNF remodeling ATPases by LFY and SEP3 for activation of AG and AP3 genes (Wu et al., 2012) . (E) Binding of REF6 H3K27me3 demethylase via its ZnF domain to CTCTGYTY boxes present, for example, in the CUC3 gene (Cui et al., 2016; Li et al., 2016) . (F) Recruitment of REF6 by direct interaction with NF-Ys in a CO-NF-Ys-RGA complex (Hou et al., 2014) at the SOC1 locus. PRC1, PcG repressive complex 1 (for TFL2/LHP1 interaction with AG, from Liu et al., 2011) ; PRC2, PcG repressive complex 2; the PRC2-induced H3K27me3 mark is depicted by three orange diamonds; PRE, Polycomb response element; AG, AGAMOUS; SEP3, SEPALLATA3, which both recognize CArG boxes; LFY, LEAFY; LFYbs, LFY binding sites; GAn, GA repeats, bound by BASIC PENTACYSTEINE transcription factors (BPC); Telo, telobox bound by C2H2 ZnF transcription factors (ZnFs) such as transcription factors or the APETALA2-like family; ?, other unknown cis-regulatory elements and associated TFs; SYD, SPLAYED; BRM, BRAHMA; CO, CONSTANS; RGA, REPRESSOR OF ga1-3; NF-Ys, NUCLEAR FACTORs Y; CORE, CO-responsive element, generally bound by CO (Gnesutta et al., 2017) .
mechanism for PcG-mediated silencing, involving sequencespecific epigenome readers that carry both DNA binding and histone mark recognition activities. The mechanisms discussed in this review may be conserved in crops in which the transcription factors and chromatin factors studied in Arabidopsis are highly conserved. Examples are the rice FIE homolog OsFIE2, which is essential for reproduction and endosperm formation (Li et al., 2014) , the rice EMF1 homolog DEFORMED FLORAL ORGAN1, which regulates floral organ identity by repressing the OsMADS58 gene (Zheng et al., 2015) , or SlEZ1, a gene homologous to CLF, which regulates flower development in tomato (How Kit et al., 2010) .
Further investigations should also lead to a better understanding of how chromatin factors are recruited to or released from the many genes identified as PRC2 and REF6 targets and that do not carry the cis-regulatory elements or PREs identified in the genome-wide studies. Long noncoding RNAs (lncRNAs) could be an example of transcription factor-independent targeting of PcG (reviewed in Davidovich and Cech, 2015) . This is the case of the COLDAIR lncRNA, which originates from the first intron of FLC and recruits PRC2 to repress FLC upon vernalization . Whether the interaction between COLDAIR-PRC2 and DNA is direct or is instead mediated by specific DNA-binding proteins remains to be determined.
